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(54) Spatial light modulators 



(57) A spatial ligiit modulator is formed of a ferroeiectric liquid crystal adjacent a photoconductive layer and 
further includes optical write and read means and means for applying a voltage to the liquid crystaL The 
modulator is driven by applying a first voltage pulse 11 to the liquid crystal to move the liquid crystal to a 
stable state. The liquid crystal is then moved to a second stable state by directing light having an intensity 
above a first threshold onto the liquid crystal and applying a second voltage pulse 12 of opposite polarity to 
the first pulse. At least part of the liquid crystal Is then transferred to its original state by directing light having 
an intensity higher than the first threshold value and applying a voltage pulse 13 having the same polarity as 
the first voltage. 
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At least one drawing originally filed was informal and the print reproduced here is taken from a later filed fbrnial copy. 
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AN OPnC AL MODULATOR 
AND METHOD OF DRIVING THE SAME 

The pr^ent invention relates to an optical modulator and method of driving the 
same. In particular, but not exclusively, the present invention relates to an optically 
writeable spatial light modulator having a ferroelectric liquid crystal device and a driving 
metiiod thereof, which may be utilised in an image processing device, optical 
information processing device, or related device. 

A conventional spatial light modulator includes a ferroelectric liquid oystal 
device arranged to receive an input light The modulator modulates the intensity of the 
input light, in real time, so as to convey specific information. Hence, the ou^t light of 
the modulator includes this spedfic information. 

A driving method for driving sudi a light modulator is disclosed in Japanese 
patent application no. 239594/1990. The driving mediod provides an output light from 
the modulator the intmsity of which is continuously varied to convey the required 
information. 

These conventional spatial light modulators of tiie ferroelectric liquid crystal type 
and known driving methods use an output light which has only one threshold value per 
writing or input light intensity. Accordingly, when there is one ou^ut light or reading 
light and two input lights or writing lights, die modulator can provide the digital logic 
function of AND and OR by setting the input light intmsity to the tfireshold value. 
However, it is not possible to achieve flie logic functions of XOR or XNOR. A further 
known disadvantage of such modulators is that several devices must be connected 
togetiier in a cascade and synchronised. 

Tliese disadvantages piev«t the conventional spatial light modulator .and it's 
driving methods from being applied to optical computing and related areas. Also, in 
analog Fourier optical information processing system, the conventional spatial light 



modulator and its driving methods cannot be used because of the higher-order region in 
zeroth order light processing and the dynamic range required. 

Thmfore, in ord^ to solve the above noted problems in the prior art, an object 
of tfie presmt invention is to provide an optical modulator and driving method having 
features to overcome these problems. Such features ^ble a second threshold value to 
occur which enhances optical information processing without using a special device 
structure. Accordingly, a modulator of the presoit invention may be applied in more 
situations than previously including both digital and analog systems. 

In order to solve the above noted problem, the present invention provides an 
optical modulator comprising: 

a liquid crystal device having liquid crystal with first and second stable optical 

axes; 

means for applying a driving voltage to tfie liquid crystal device for effixting 
switching between the first stable optical axis and the second stable optical axis; 

one or more optical writing means for writing an optical image onto the liquid 
crystal device; and 

an optical reading means having a Ugbt iUuininating means and a photo detecting 
means, the photo-detecdng means reading out the written image on the liquid crystal 
device from incident light emitted from the light illuminating means onto the liquid 
crystal device and a driving method of a modulator having a ferroelectric liquid crystal 
device, &e driving method comprising: 

s^lying a first pulse voltage to make tfie molecular alignmmt of said 
ferrodectric liquid crystal move to a first stable state; 

transferring said molecular arrangement fiom the first stable state to a second 
stable state by emitting light having an intensity stronger than a first ttireshold value; 

^^plying a second pulse voltage having opposite polarity of the first pulse voltage 
to said liquid crystal; 
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tiansfi^ring at least a part of the molecular alignment from the second stable state 
to the first stable state by emitting light having an intra^ty stronger than a second 
threshold value which is even larger than the first threshold value; 

implying a third pulse voltage having the same polarity as fte first pulse voltage; 

and 

maintaining both the first stable state and the second stable state of the molecular 
alignment When applied to a spatial light modulator the present invention includes a 
ferroelectric liquid crystal type having optical writing means, optical reading means, 
voltage applying means, and a liquid crystal device conqirised of one glass substrate on 
which is formed successively tfiereon a tiansparmt dectrode and a photoconductive film 
and a liquid crystal alignmmt film, another glass substrate on which is formed thereon a 
tranqtaxent dectrode and a liquid crystal alignment film and being opposed to said one 
glass substrate, and a ferroelectric liquid crystal composition contained between tihe pair 
of glass substrates. Hie photoconductive film is composed of intrinsic hydiogenated 
amorphous silicon having a thickness from 0.5 to 4 ^m and flie ferroelectric liquid 
crystal lay^ has a ^ckness from 0.5 to 5 |xm and is driven with a continuously emitted 
reading light This enables the manifestation of the second threshold value, wh^ the 
ferroelectric liquid crystal molecules in the r^on recdving stronger writing light are 
transferred back to the previous stable state in tte region having a stronger writing light 
tiian the first threshold value of the writing light intensity where the ferroelectric liquid 
crystal molecules transfer from one stable state to the other stable state whra the writing 
light is not emitted. Thisalsoraables the controlling of the first and second threshold 
values by means <tf driving pulse widtti, a voltage, and emitted bias ligjit, and by writing 
wiA driving pulses which consist of the first pulse voltage which makes the ferroelectric 
liquid crystal molecules move to one stable state fliat is stabilised whai the writing light 
is not emitted to the ©itire effective surfece of the spatisl light modulator. The second 
pulse voltage has Ae opposite polarity from the first pulse, which transfers the 
facroelectric liquid oystal molecules from the first stable state to the second stable stale. 
The tiiini pulse voltage has tiie same polarity as the first pulse, viiich transfers the 



ferroelectric liquid crystal molecules from the second stable state to the first stable state 
when the stronger writing light is emitted, and a memory period where the ferroelectric 
liquid crystal molecules are tept in the same state after applying the third pulse voltage. 

By using the method described above, two direshold values of writing light 
intensity will be obtamed, and will be controllable. By such operation, in digital optical 
information processing, the whole set of Boolean logic (q>erations having binary values 
and binary inputs can be realised using only one element. Also, in an analog system, 
erasing zeroth order light and the like can be easily realised. By such operation, 
applications of a spatial light modulator of the ferroelectric liquid crystal type can be 
rapidly expanded to either digital systems or analog systems. 

Embodiments of the present invention will now be described in detail witii 
refi^mce to the drawings; of which: 

Fig. 1 shows a waveform to drive the light modulator of the present invention; 

Fig. 2 shows photographs of the input and the output using AND, OR, and XOR 
combinations of images using images on both masks of an optical writing systrai with 
the driving method of tiie spatial light modulator according to tiie present invention; 

Fig. 3 is a schraiatic diagram showing the structure of the ferroelectric liquid 
crystal device of the present invention; 

Fig. 4 is a diagram of the optical system including the optical modulator of the 
present invention for read and write opmtions; and 

Fig. 5 is a graph showing ttie reading light intensity when reading in a continuous 
drive status, by changing the writing light intensity and emitting the reading light uang 
the inventive driving method of the spatial light modulator. 

Fig. 3 is a schematic diagram showing the structure of the fimoelectric liquid 
crystal device according to the first embodiment of the presmt invention. 

Liquid crystal molecules are sandwiched betwem a pair of substrates 31 and 31a 
which are conqmsed of a transparent glass plate having a tiiickness of 5 mm and being 
polished on both faces to ensure a parallel flatness of less tiian 7J5 where X denotes the 
wavdengtii of a He-Ne laser beam. Indium tin oxide QUO) transparmt electrode layers 
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32a and 32b are formed on one sur&ce of each of the respective substrates. One of the 
transparent electrode layers 32a is disposed at the optical writing side, and is formed 
thereon with a photoconductive layer 35 having a thickness of 2.5 \im and is composed 
of hydrogenated amorphous alicon (a-Si:H). Furth^» alignment film hym 34a and 34b 
are formed on top of the respective substrates. The laym ace formed firom silicon 
monoxide being obliquely ev^orated to give an inddmt angle of 85^ rdative to the 
normal to the substrates, and so that respective incident angles are coincident with each 
other on the writing and reading sides after the pair of substrates are coupled to one 
anotii^. 

Next, the pair of substrates are fixed to each other tfirough a peripheral sealer 
which is applied using an offset printing method. The sealer contains therein dispersed 
silica particles having a mean diameter of 1.0 |jun. A gap is formed betwem tfie 
substrates in which is sandwiched the ferroelectric liquid crystal 34. 

The composition of fte ferroelectric liquid crystal 34 is for example, SCE-13 
(madebyBDH). The composition is heated over Ae isotropic phase point. Thereaft^ 
the composition is injected into the gap under vacuum, and then gradually cooled to a 
smectic C phase to establish a uniform alignment of the liquid crystal molecules. 

Fig. 1 is a diagram showing a voltage waveform used to drive the ferroelectric 
liquid crystal device of the optical modulator according to the present invention. The 
waveform comprises a consecutivdy occurring p^od. Each period comprising a first 
pulse voltage 11 which make die whole effective areas msed, a second pulse voltage 12 
having opposite polarity to the first pulse voltage, a tiiird pulse voltage 13 having the 
samepolarity as die first pulse voltage, and a mraiorypmod 14. The pulse widtii and 
the voltage of the second and tiiird pulse voltages are controlled separatdy. 

Fig. 4 is a diagram of an optica system used for an expmmrat concerning the 
read and write operations of the modulator. Waveform distribution is controlled through 
interferrace filters 42a and 42b using a tungstm halogm lamp as writing light sources 
41a and 41b. The writing light is combined at a half-silvered mirror 43 and is emitted to 
die ferroelectric liquid crystal device 44 through die Isos 46. 



To write an image, masks 4Sa and 4Sb are mounted, and an image is projected on 
the input sur&ce of the spatial light modulator 44. 

A tungsten halogen lamp is used as the reading light source 47, and the light is 
emitted to the output sur£ace of the ferroelectric liquid crystal device 44 through an 
interference filter 42c to control the waveform distribution, diaphragm 48 to adjust the 
quantity of light, polariser 49, and beam splitter SO. Hie light is reflected at the 
intsrfacG between the fmoelectric liquid crystal and the hydrogoated amorphous silicon, 
being modulated in the ferroelectric liquid crystal, and incident onto the beam splitt^ SO 
again. The light reflected on the beam splitter SO surface is detected by the analyser SI, 
and is observed by a CCD camera 52. 

When the fenodectiic liquid crystal is in a stable state the writing light is not 
emitted. In this state the polariser 49 is mounted in a direction where the plane of the 
polarisation is not modulated. The analyser SI is also mounted normal to and in the path 
of the reflecting light in the above described state. Thus without a writing light, the 
ferroelectric liquid crystal lay^ is stable and reading is in the dark. For obs^ation, an 
image is taken from the CCD camera and is displayed on a CRT and a photograph is 
takm. Also, a photodetector S3 is installed and the optical response is measured. 

The voltage waveform to drive the ferroelectric liquid crystal is provided by a 
specially made driver S4. 

A tungsten halogen lamp, an He-Ne laser, an Ar laser, or a semiconductor laser 
can be used as the Ught source for the writmg light, and a tungsten halogen lanip^ 
Ne las^, an Ar laser, or a semiconductor laser can be used as tfie light source for the 
reading light. 

Whra the first threshold value and die second threshold value are controlled by 
the bias light, the light source other than the light source in the writing system and the 
reading system is set in ord^ to emit onto the writing surface of the liquid crystal device 
uniformly. 

Using the above described system, the following writing experimmt can be 
executed. 
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Figure 5 is a diagram in a continuously driving state of the optical system shown 
in Figure 4 using only one of the writing light sources and continuously emitting the 
reading light (100/iW/cm^). The writing light intensity is changed. 

As the writing light intensity increases thmis a first threshold value 61 ficom 
dark to light and then a second ttueshold value 62 from light to dark. Litfaeabove 
described embodiment howev^ a bias light is not emitted and in the driving waveform, 
the exast pulse 11 is +15 V for 1 ms, the write pulse 12 is - lOV for 0.5 ms, the third 
pulse 13 is +9.5 V for 0.5 ms, and the frame frequracy is 100 Hz. In these 
circumstances, the first threshold value occurs near a writing light intensity of 
228/iW/cm2 and fbe second threshold value occurs near a writing light intensity of 
768MW/cm2. 

Th^efore, the modulator and driving mediod deariy provide two ttireshold 

values. 

In this raibodiment, writing light is irradiated continuously by snitting tiie 
reading light Howev^, because the reading light intensity affects the first threshold 
value and the second threshold value, a strong reading light cannot be used. That is to 
say, Oie reading light intensity must be limited. 

This problem can be solved by setting a dielectric mirror for separation of light 
between die photoconductive layer and the liquid crystal alignment layer. The dielectric 
minor reflects the reading light such that die photoconductive lay^ is not reached by the 
reading light 

Alternatively a shutt^ may be set in Uie writing system so tiiat die writing light 
can be shut after writing. In this case, a strong reading light can be used. 

Figure 2 shows bodi masks of the writing optical system 45a and 45b in tiie 
optical system shown in Figure 4. 

The shapes shown in Figure 2-a and Hgure 2-b are exemplary and are able to 
achieve flie ou^ut AND, OR, and XOR combinations as shown in Figures 2-c, 2-d, 2-e 
respectivdy. Hie riding light at lOO^W/cm^ is mutted continuously, using die same 
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diiving waveform whilst only changing the quandQr of writing light to provide a 
continuous driving state. 

In the case of Figure 2-c providing an AND logic function, the writing light 
intKisity of input 1 is 0.304^W/cm2 and the intensity of input 2 is 0,086^W/cm2. In 
the case of Figure 2-d providing an OR logic function, the writing light intensity of input 
1 is 0.304 /iW/cm^ and the intensiQr of input 2 is 0.086 /iW/cm^. In the case of Figure 
2-e providing an XOR logic function, the writing light intmsity of input 1 is 
0.618fAW/cm2 and the intensity of input 2 is O.efiO/iW/cm^. 

Mth the above values in the method of the present invention, the different logic 
functions AND, OR, and XOR, can be executed simultaneously on the same plane whilst 
using only one ferroelectric liquid crystal device. 

As described above, an optically writeable liquid crystal spatial light modulator 
enables two threshold values to occur thereby enabling many functions to be obtained for 
use in optical information processing without using a special device structure, thereby 
effectively enhancing the type of applications possible for dtfaer digital systems or analog 
systems. 

The afon^oing description of embodiments of the presmt invention have bem 
givai by way of example only and a p^on skilled in the art will appreciate that 
modifications may be made without departing firom the scope of the preset' invmtion. 
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CLAIMS 

1. An optical modulator comprising: 

a liquid crystal device (44) having liquid crystal vdth first and second stable 
optical axes; 

means (54) for applying a driving voltage to the liquid crystal device for effecting 
switching between the first stable optical axis and tiie second stable optical axis; 

one or more optical writing means (41a, 42a, 4Sa, 41b, 42b, 45b, 43, 46) for 
writing an optical image onto the liquid crystal device; and 

an optical reading means (42c, 47, 48, 49, 50, 51, 52, 53) having a light 
illuminating means (47) and a photo detecting means (53), the photo-detecting means 
reading out the written image on Hit liquid crystal device &om incident light emitted 
firom the light illuminating means (47) onto the liquid crystal device. 

2. An optical modulator according to claim 1, in which the optical writing means 
has at least two means (41a, 41b) for controlling independently the intmsity of the input 
light sudi that at least two optical images are emitted simultaneously to said liquid crystal 
device. 

3. An optical modulator according to claim 1 or 2, further comprising at least one 
light source, tiie li^t source emitting bias light onto at least a part of tfie surfiace of said 
liquid crystal device. 

4. An optical modulator as claimed in any one of the preceding claims, in which 
said liquid crystal device comprises: 

a first transparent substrate 01a) having a transparent dectrode lay^ (32a), a 
photoconductive layer (35), and a liquid crystal alignment layer (34a) succesavely, a 
second transparent substrate Ql) having a tianq)areQt dectrode layer (32b) and a liquid 
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crystal alignment layer (34b) successively, the second transparent substrate being 
opposed to die first transparent substrate and said photoconductive layer comprises a 
hydrogenated amorphous silicon. 

5. An optical modulator as claimed in claim 4, in which said liquid crystal device 
further includes a dielectric mirror disposed betwem the photoconductive layer and the 
liquid crystal alignment layer. 

6. An optical modulator as claimed in any one of the preceding claims, further 
including a shutter in the optical writing means for shutting off the light after writing. 

7. A driving method of a modulator having a ferroelectric liquid crystal device, the 
driving method comprising: 

applying a first pulse voltage to make the molecular alignment of said 
ferroelectric liquid crystal move to a first stable state; 

transfming said molecular arrangement from the first stable state to a second 
stable state by emitting light having an intenrity stronger than a first threshold value; 

applying a second pulse voltage having opposite polarity of the first pulse voltage 
to said liquid crystal; 

transferring at least a part of the molecular alignment from the second stable state 
to the first stable stale by emitting light having an intensity strongs tiian a second 
threshold value which is evm larger than tfie first tiireshold value; 

applying a third pulse voltage having the same polarity as the first pulse voltage; 

and 

maintaining botii the first stable state and the second stable state of the molecular 
alignment. 
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8. A driving method as daimed in daim 7, in wbic^ 

second threshold value of the light intensity axe set according to the voltage hdght of the 
second and the third voltage pulses respectively. 

9. A driving method as claimed in claim 7, in whidi tfie first threshold value and the 
second threshold value of the light intensity are set accordii^ to die time width of the 
second and the third voltage pulses respectively. 

10. A driving method as claimed in any one of claims 7 to 9, in whidi said first and 
second thresh(dd values are controlled by controlling die intmsity of a bias light which is 
emitted from a bias light source of die modulator. 

11. A driving mediod as claimed in any one of claims 7 to 10 for driving an optical 
modulator as claimed in any one of claims 1 to 6. 

12. An optical modulator substantially as hereinbefore described with reference to 
any one of figures 1 to 5. 

13. A driving method substantially as h^dnbefore described with refer^ce to figure 
1. 
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